Introduction {#S1}
============

Acute inflammation and sepsis are known to impair endothelial functions, leading to an imbalance of vasodilatory and vasoconstrictive mechanisms, which may lead to multi organ failure ([@B20]). Much research has focused on the analysis of the mechanisms underlying vasodilation of resistance vessels, but a major role is also played by mechanical properties of compliant arteries, especially the aorta. Elastic arteries are able to accommodate the ejected stroke volume and they allow to ensure the optimal flow conditions in the periphery, including during diastole. A reduction in the elastic properties (i.e., arterial stiffness) of the large arteries, and in particular of the aorta, leads to increased left ventricular afterload (increased myocardial oxygen demand), reduced coronary perfusion (decreased myocardial oxygen delivery), and mechanical fatigue of the arterial walls ([@B51]).

Sepsis and septic shock were proved to significantly increase the stiffness of the large arteries. For example, LPS injection in rabbits has been shown to induce a dysfunction of the endothelium-mediated vascular relaxation in the aorta ([@B24]), and additional experimental observations in endotoxin shock swine model confirmed an increased stiffness of the central aorta and, on the opposite, an increase in compliance of the peripheral compartment generated by septic shock ([@B17]). Finally, a recent clinical observational study on arterial elastic properties has shown an increase in aortic stiffness, with respect to the general population, in a cohort of septic shock patients when pulse wave velocity (PWV, an indirect measure of arterial stiffness in large arteries) was measured at the time of admission ([@B22]).

At the same time, the sympathetic autonomic nervous system (ANS) physiologically contributes, mainly through the release of noradrenaline, to the modulation of arterial smooth muscle tone; thereby it interacts with local endothelial mechanisms and it may affect the arterial mechanical properties. A relationship between muscle sympathetic nerve activity---an invasive measure of the peripheral ANS---and PWV was observed in healthy individuals, regardless of any other cofounding factors ([@B46]), and an association between alterations in vascular properties (arterial stiffness) and dysfunction of the ANS has been widely documented in several chronic pathologies, including diabetic patients ([@B26]; [@B41]; [@B48]), hypertensive patients ([@B11]), or heart failure patients ([@B32]).

Current clinical guidelines are mainly concerned to recover septic shock patients from hypotension and hypovolemia and the mean value of arterial pressure is one of the key therapy targets ([@B39]); however, no further recommendation is addressed about the more subtle changes occurring in the arterial pressure waveform, which can give insight on peripheral vascular tone, backward pressure waves, and large arteries compliance, and suffer from significant modifications. Interestingly, a recent clinical observational study pointed out the effects of noradrenaline administration in septic shock patients, highlighting that high doses of noradrenaline increase arterial characteristic impedance, pulse wave velocity, and reflection phenomena, while reducing aortic compliance ([@B33]).

Given these premises, the main objectives of this study are (1) to measure the vascular system properties, at central and peripheral levels, in an experimental model of polymicrobial septic shock with standard resuscitation, i.e., fluids and vasopressors administration; (2) to assess the effects of these therapies at vascular level and to extend the previous observations made on endotoxin shock models ([@B17]). Finally, we want to verify if these alterations of the vascular system properties in septic shock are accompanied by altered ANS regulatory mechanisms of arterial pressure.

Materials and Methods {#S2}
=====================

Study Design and Experimental Procedure {#S2.SS1}
---------------------------------------

This experimental study has been performed in the Experimental Laboratory of Intensive Care (LA1230336), at the Université Libre de Bruxelles, on a large animal model of septic shock induced on young adult swine by a fecal peritonitis. The local animal ethics committee (Comité Ethique du Bien-Être Animal) approved the present study (protocol 641 N) and we followed the EU Directive 2010/63/EU for animal experiments, the ARRIVE guidelines for animal research, and the MQTiPSS recommendations for sepsis translational research ([@B36] in Shock, [@B36]).

Six pigs of both sex (age 4--6 months, weight 43.8 ± 3.9 kg expressed as mean ± standard deviation) were obtained from a local farm (BE 400108--48). Animals were fasted for 18 h prior to the experiment with free access to water. Details on the instrumentation and experiment preparation can be found in the Supplemental Material of a previous article ([@B10]). Briefly, the instrumentation was performed with a closed chest and a minimally invasive approach, having all the catheters or vascular sheets introduced only by a percutaneous approach under echographic guidance; after which the animals were allowed to rest for 2 h before the first baseline hemodynamic measurements (baseline, T1). Sepsis was induced by the intraperitoneal instillation, via the two abdominal drains, of 3 g/kg of autologous feces collected in the cage, filtered and diluted in 300 ml of glucose 5%. Since the sepsis onset, a balanced crystalloid perfusion (Plasmalyte^®^, Baxter, Belgium) served as the only maintenance perfusion, at a very low rate (1 ml/kg/h) and, as soon as the animal reached a hypotensive state of mean arterial pressure (MAP) \< 50 mmHg, it was modestly increased to keep this MAP between 45 and 50 mmHg for one last hour, in order to consolidate the peripheral hypoperfusion and the multiple organ failure onset (corresponding in practice to less than 400 ml in every animal during this last hour before massive fluid resuscitation). At the end of this period, a second time point T2 was defined as reference for non-resuscitated septic shock condition. Immediately after a series of hemodynamic measurements recording, a full fluid resuscitation was initiated with both the same rate of balanced crystalloid perfusion (Plasmalyte^®^, Baxter, Belgium) and colloid perfusion (Geloplasma, Fresenius Kabi, France), aiming at reaching an arterial pulse pressure variation (PPV) \< 12%. After 120 min of hemodynamic stabilization, defined by the absence of further increase in cardiac output and a stable PPV, additional hemodynamic measurements were recorded again (T3, end of first resuscitation). Finally, a continuous infusion of norepinephrine at a fixed dose of 0.3 μg/kg/min was administered and after 1 h, the last series of hemodynamic measurements were recorded again (T4, end of full resuscitation). Animal were then euthanized with a potassium chloride injection and an overdose of thiopental.

Two out of six animals were immediately fully resuscitated with vasopressors because of the severity of the distributive shock, therefore the measurements at time point T3 are missing. For this reason, in the following, we refer only to baseline (T1), shock (T2), and to fully resuscitation (T4) period. We want to underline that the early introduction of vasopressor in two pigs allowed us to keep the animal cohort more homogeneous, by avoiding some animals to suffer from prolonged and irreversible organs hypoperfusion and hypoxia, while others did not. In this way, we ended up at T4 with all the animals receiving exactly the same preload optimization and the same dose of noradrenaline.

Hemodynamic Data Acquisition and Preprocessing {#S2.SS2}
----------------------------------------------

Arterial blood pressure (ABP) was continuously recorded during the experiment at three different sites: in the ascending aorta (trough an internal carotid artery puncture), in the common femoral artery and in the radial artery. Aortic and femoral arterial pressures were measured using high-fidelity pressure transducers on solid tip catheters (respectively: 5F pressure catheter, Transonic System Europe, Netherlands and SPR-350S Mikro-Tip^®^, Millar, United States). Radial arterial pressure was measured using a fluid filled catheter (3F Leader Cath, Vygon, France) and an external pressure transducer (TrueWave^®^, Edwards, Belgium); potential damping or resonance artifacts were excluded by careful cares and regular fast flush tests (so-called Gardner's test). Each arterial pressure signal was exported to an A/D recording station (Notocord Hem, Notocord, France), similarly to the surface ECG signal, with a high temporal resolution (100--500 Hz).

At each time point stationary segments of about 15-min length were selected. Time series of systolic (SAP), diastolic (DAP), mean (MAP) pressures, and pulse pressures (PPs), computed as the difference between SAP and DAP within the same ABP pulse, were obtained from ABP waveform using standard algorithms ([@B57]; [@B45]). The time series of heart period (HP) was obtained from the aortic ABP waveform by computing the time difference between two consecutive onsets of ABP beats and considered as a surrogate of the RR-intervals time series. An adaptive filter was then applied to the time series in order to remove outliers and irregularities ([@B52]) and each time series was finally resampled at 2 Hz by means of a zero-order hold technique. The pre-processed time series were then subdivided into 3-min 50% overlapping windows and each window was detrended using a high-order polynomial function. In order to guarantee stationarity, the Kwiatkowski--Phillips--Schmidt--Shin (KPSS) statistical test was performed. Except for the time constant τ described in the following, the indices considered for successive statistical comparisons are the average of the ones obtained from each 3-min window.

Continuous cardiac output CO (l min^--1^) monitoring was performed using a pulmonary artery catheter (CCO; Edwards LifeSciences, Irvine, CA, United States), from which were computed the continuous stroke volume SV (ml).

The Windkessel Time Constant τ {#S2.SS3}
------------------------------

According to the two-element Windkessel model reported in [Figure 1](#F1){ref-type="fig"}, the time constant τ of the arterial tree can be computed by the following equation:

![The two-element Windkessel model of arterial tree. CO, cardiac output; ABP, arterial blood pressure; TPR, total peripheral resistance; AC, arterial compliance. According to the model, the time constant τ can be computed as the product of TPR and AC (τ = TPR\*AC).](fphys-11-00594-g001){#F1}
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where TPR is the total peripheral resistance and AC is the total arterial compliance ([@B53]). This relationship is true on a beat-to-beat basis if we consider the ABP waveform measured centrally where the cumulative effects of wave reflections are attenuated ([@B6]); in this case, ABP should decay like a pure exponential during each diastolic interval with a time constant τ. However, this relationship is also consistent if we consider a time scale sufficiently long such that the wavelengths of the propagating waves are much larger than the dimension of the arterial tree. At such time scales, the arterial tree acts as a single blood reservoir, and the Windkessel model is therefore valid. So, for example, if pulsatile activity abruptly ceased, then peripheral ABP may eventually decay like a pure exponential as soon as the faster wave reflections died out ([@B35]).

Based on this concept, we computed the time constant τ on long time intervals (6-min windows) of the measured ABP waveforms by adopting the method proposed by [@B35]. In particular, the technique is specifically implemented in three mathematical steps ([@B35]).

First, a cardiac contractions signal *x*(*t*) is created, which consists in an impulse train where each impulse is placed at the time instant of the onset of ABP upstroke and has an area equal to the ensuing PP.

Then, the relationship between the cardiac contractions signal *x*(*t*) and the ABP waveform named *y*(*t*) is characterized by estimating an impulse response function *h*(*t*), which is found by minimizing in the least squares sense the convolution with *x*(*t*) in order to best fit *y*(*t*). By mathematical definition, the estimated *h*(*t*) represents the ABP response to a single cardiac contraction (normalized approximately by the average PP).

Next, the Windkessel time constant τ is determined over a selected interval after the time of its maximum value based on exponential fitting. This optimization problem is solved via linear least squares estimation by log transforming *h*(*t*). The time interval for the determination of the time constant τ is updated at each time point based on the exponential decay of *h*(*t*). An example of the obtained impulse responses at two different time points is reported in [Figure 2](#F2){ref-type="fig"}; at T2, the faster response implies an earlier time window, as highlighted in red. The time constant τ was determined on each 6-min 50% overlapping window, then averaged for the successive statistical analysis.

![Example of two impulse responses *h*(*t*) computed at time point T1 and T2 for one pig. Highlighted in red the time windows selected for the computation of the time constant τ.](fphys-11-00594-g002){#F2}

The total arterial compliance AC was independently estimated with further two different methods: (i) as the ratio between continuous SV and aortic PP; (ii) as proposed in [@B28], i.e., by using the following equation:
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where *K = (A~*s*~+A~*d*~)/A~*d*~* represents the ratio between the total area under aortic pressure and the diastolic area, i.e., the area between the dicrotic notch and the end of diastole; $P_{s}^{*}$ is the aortic pressure at the occurrence time of the dicrotic notch, and *P*~*d*~ is the aortic pressure at the end of diastole.

The total peripheral resistance TPR was computed as TPR = (MAP-RAP)/CO, according to the Windkessel model ([Figure 1](#F1){ref-type="fig"}), where the value of right atrial pressure (RAP) is assumed to be zero, as much lower than arterial pressure and, thus, negligible. We want to underline that in shock condition, although MAP is decreased, also the value of RAP is highly reduced, and the assumption can be considered still valid. During resuscitation, the raised CO to values almost doubled compared to baseline can be considered the major driver for the decreased TPR.

Cardiac Baroreflex Sensitivity (BRS) Analysis {#S2.SS4}
---------------------------------------------

The cardiac baroreflex, i.e., the ANS control of oscillations in the RR-intervals or HP induced by oscillations in SAP, was estimated via the bivariate model method on the aortic ABP. Details of the method can be found in [@B2]. The parameters of interest are the feedback gain (FB), which quantifies the autonomic-mediated cardiac baroreflex, and the feedforward gain (FF) or runoff effect, which explains the oscillations in blood pressure generated by oscillations in HR, due to the mechanical coupling between the two systems. Granger causality from SAP to HP and vice versa was verified before computation of the gains ([@B16]). The order of the model was optimized based on the Akaike information criterion, ranging from 5 to 15.

Heart Rate Variability (HRV) Analysis and Spectral Analysis {#S2.SS5}
-----------------------------------------------------------

We assessed the heart rate variability (HRV), as an indicator of the ANS control on HR, by computing the root mean square of successive differences between adjacent HP (RMSSD), the standard deviation of successive differences between adjacent HP (SDSD), and the standard deviation of the overall HP time series (SD) ([@B47]). The analyses were performed on HP time series extracted from the aortic ABP signal.

Spectral indices obtained from power spectra of DAP included the normalized low frequency power (LFu), which represents the relative power in the low frequency (LF, 0.04--0.15 Hz) band and it is computed as the LF power divided by the total power without the very LF (VLF) component (0--004 Hz). LF oscillations in DAP values are meant to be mainly associated to the sympathetic ANS control of peripheral resistance.

Clinical Data {#S2.SS6}
-------------

Clinical variables collected at each time point were urine output UO (ml), lactate (mmol l^--1^), and mixed venous oxygen saturation SvO~2~ (%).

Statistical Analysis {#S2.SS7}
--------------------

Friedman test was performed to detect differences among the three time points across multiple test attempts. In case of significant Friedman test *p*-value, i.e., \<0.05, we used then the Wilcoxon signed-rank test to assess significant changes among time points within the septic shock group of animals. The values of blood pressure components (SAP, DAP, MAP, PP) were compared at each time point among the different sites (radial and femoral) taking the aorta as a reference by means of Mann--Whitney *U*-test. Parameters values are reported as median (25th, 75th percentile).

In order to test for significant associations between changes in vascular characteristics and ANS activity, correlations analyses were performed by using the Spearman correlation test.

Significance was considered with a *p*-value \< 0.05.

Results {#S3}
=======

[Table 1](#T1){ref-type="table"} provides the median values (25th, 75th percentile) of the hemodynamic parameters, the clinical variables, the estimated total arterial compliance AC, and the total peripheral resistance TPR. [Figure 3](#F3){ref-type="fig"} shows the distribution of PP values computed from aortic, femoral, and radial ABP signal at each time point.

###### 

Values of hemodynamic parameters, clinical data, estimated arterial compliance (AC), and total peripheral resistance (TPR) at each time point of the experiment.

                   **T1**                     **T2**                     **T4**                  **Delta T2-T1**              **Delta T4-T1**       **Delta T4-T2**
  ---------------- -------------------------- -------------------------- ----------------------- ---------------------------- --------------------- --------------------------
  **Aortic**                                                                                                                                        
  PP               29.9 (28.2,31.6)           31.1 (26.3,34.6)           51.5 (48,61.1)\*        3.1 (−1.6,4.5)               22.8 (19.8,32.2)      19.7 (18.9,27.1)
  SAP              84.1 (79.3,86.3)           65.6 (62.1,69.5)           94.9 (92.3,100.3)^§§^   −18.3 (−20.9,−16.3)          9.3 (6.2,14)          26 (24.3,32.3)
  DAP              55.2 (50.5,56.6)           35.1 (33.6,35.8)\*         45 (30,48.7)            −18.5 (−24.4,−15)            −11.9 (−18.3, −9)     7.5 (−1.2,12.9)
  MAP              70.1 (65.9,71.8)           45.3 (45.2,45.5)\*         67.6 (53.2,70.5)        −23.3 (−26.5,−18.9)          −3.5 (−12.9,0.6)      18.8 (7.8,23.9)
  **Femoral**                                                                                                                                       
  PP               44.9 (41.1,47.1)^\#\#^     25.5 (22,26.2)\*           34 (28.7,42.1)^\#^      −19.2 (−24.3, −14.1)         −12.5 (−19.9,2.9)     7.4 (2.6,17)
  SAP              102.4 (95.1,105.3)^\#\#^   62.2 (55.5,63.5)\*\*       82.4 (70.3,92.5)        −39.6 (−41.8,−36.5)          −22.5 (−30.4,−8)      14.9 (9.2,31.5)
  DAP              57.5 (51.2,58.5)           36.6 (35.8,38.4)\*\*       44.2 (40.7,49.7)        −19.8 (−21.1,−16.6)          −10.7 (−11.6,−8.5)    8.3 (4.8,14.4)
  MAP              74.9 (68.7,75.8)           47.9 (45.4,49.8)\*\*       64.4 (54.8,66.9)        −25.4 (−28,−23.3)            −9.1 (−16.4,−5.2)     14.9 (6.9,24.4)
  **Radial**                                                                                                                                        
  PP               46.8 (41.3,48.6)^\#\#^     29.7 (22.8,34.4)           56.4 (46.8,63.3)^§^     −14.4 (−24.6,−13.8)          8.1 (−1.8,22.5)       27.8 (11.2,36.5)
  SAP              100.6 (96.5,101.7)^\#\#^   64 (60.8,68.6)\*           97.4 (80.6,110.9)       −36.7 (−40.2,−34.1)          −5.5 (−15.9,11.2)     32 (12,47.3)
  DAP              54.6 (51.5,55.3)           36.3 (33,38)\*\*           41 (35,47.6)            −17.7 (−22,−14.9)            −13.7 (−14.1,−11.3)   4.4 (2.6,10.8)
  MAP              71.6 (66.9,73)             45.6 (44.9,46.1)\*\*       62.3 (52.8,68.9)        −25.4 (−27.8,−21.2)          −9.4 (−12.9,−4.3)     16 (6.7,23.5)
  **HR**           82.1 (76.3,85.3)           131 (103,158.8)            146 (144,150)\*         43.4 (23.9,78.4)             66.9 (64.9,68.8)      12 (−13.5,44)
  **CO**           5 (4.5,5.3)                2.97 (2.4,4.3)^*n=5*^      9.5 (8.2,10.2)^§^       −1.9 (−2.2,−0.8)^*n=5*^      4.9 (2.8,6.3)         5.2 (4.4,6.3)^*n=5*^
  **SV**           59 (52,60.5)               23.3 (20.1,36.8)^*n=5*^    65.5 (57.6,69.6)^§^     −29.5 (−35,−21.7)^*n=5*^     7.3 (−1.9,16.8)       34.3 (17,45)^*n=5*^
  **UO**           1 (0.53,1.1)               0.1 (0.06,0.45)            0.22 (0.2,0.24)         −0.7 (−0.98,−0.2)            −0.8 (−0.9,−0.6)      0.1 (0,0.2)
  **Lact**         0.9 (0.9,0.9)              1.7 (1.3,2.1)              2.45 (1.9,3.1)\*\*      0.8 (0.4,1.2)                1.55 (1,2.2)          0.45 (0.1,1)
  **SvO~2~**       65 (61,69)                 59.5 (53,68)               75 (68,78)              −6.5 (−11,1)                 9 (3,15)              14.5 (−1,23)
  **PPV**          8 (7,10)                   22.5 (17,30)\*\*           11.5 (11,12)            14 (9,20)                    4 (2,6)               −10 (−13,−5)
  **AC** (SV/PP)   1.98 (1.8,2.14)            0.88 (0.7,1.05)^*n=5*^\*   1.17 (1.05,1.34)        −1.19 (−1.36,−0.85)^*n=5*^   −0.78 (−0.99,−0.48)   0.38 (−0.03,0.57)^*n=5*^
  **AC** (area)    1.96 (1.62,2.07)           0.9 (0.74,1.33)^*n=5*^\*   1.11 (0.95,1.17)        −0.79 (−1.29,−0.54)^*n=5*^   −0.8 (−1.12,−0.4)     0.19 (−0.3,0.35)^*n=5*^
  **TPR**          1124 (1061,1286)           1217 (879,1626)^*n=5*^     568 (437,676)^§^        155 (−161,363)^*n=5*^        −572 (−870,−420)      −540 (−918,−447)^*n=5*^

PP, pulse pressure (mmHg); MAP, mean pressure (mmHg); SAP, systolic pressure (mmHg); DAP, diastolic pressure (mmHg); HR, heart rate (bpm); CO, cardiac output (l/min); SV, stroke volume (ml); UO, urine output (l); Lact, lactate (mmol/l); SvO
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![Distribution (median \[25th, 75th percentile\]) of PP values computed from aortic (blue), radial (orange), and femoral (green) ABP waveforms at each time point of the experiment. T1, baseline; T2, after development of septic shock; T4, after resuscitation with fluids and noradrenaline. Wilcoxon signed test: ^∗^*p*-value \< 0.05 with respect to T1, ^§^ *p*-value \< 0.05 with respect to T2 (Friedman test *p*-value \< 0.05). Mann--Whitney *U*-test: ^\#^*p*-value \< 0.05 between the specified variables.^\#\#^*p*-value \< 0.01.](fphys-11-00594-g003){#F3}

At baseline (T1), PP was progressively higher from aortic to the more distal arterial sampling sites, reflecting the physiological peripheral PP amplification. The large increase in peripheral PP (∼15 mmHg) was primarily due to a higher value in SAP, since DAP values resulted similar at all sampling sites; MAP was not significantly different at the three sites. HR, CO, SV, and SvO~2~ have values within the physiological range. The arterial compliance AC was near the physiological value of 2 ml/mmHg ([@B30]).

After development of septic shock (T2), aortic PP slightly increased with no significant changes, whereas both femoral and radial PP progressively decreased and became slightly lower than aortic PP ([Figure 3](#F3){ref-type="fig"}). The decrease in peripheral PP was due primarily to a larger decrease in SAP values in the peripheral sites as DAP values tended to decrease to a similar amount in all sites. HR increased as compensatory mechanism to sustain a condition of reduced venous return, CO, and SV ([Table 1](#T1){ref-type="table"}). The rise in lactate values and the moderate decrease in SvO~2~ denote the potential anaerobic cellular metabolism and heterogeneous microcirculatory alterations typical of shock. AC was more than halved in all pigs, hinting a certain degree of arterial stiffness.

After full resuscitation with fluids and vasopressors (T4), the hypoperfusion and hypovolemic condition was restored as MAP increased to \>60 mmHg, SV returned to values similar to baseline, SvO~2~ increased becoming higher than baseline values, and all the main hemodynamic indices, e.g., CO, SAP, DAP, showed a positive trend, i.e., the differences between the values at T4 and T2 were positive ([Table 1](#T1){ref-type="table"}). However, the arterial pressure variables at different sites did not return to the baseline values, in particular, the physiological PP amplification was not restored as in aorta PP values did not return to be significantly lower than in peripheral arteries. These differences in PP were driven by SAP, as DAP changed similarly at all sites. The SV returned to values comparable to baseline, but CO was almost doubled, as expected in the compensatory hyperdynamic phase of a resuscitated distributive shock, mainly due to a sustained tachycardia. This inefficient cardiac condition, despite a full resuscitation and the β1 adrenergic stimulation provided by the noradrenaline administration, indicates that the left ventricle was not able to provide a higher and adequate SV with the lowest possible energetic consumption, as already reported in a previous study of our group ([@B10]). The values of AC were larger than in non-resuscitated shock but still lower than baseline. These results suggest that the large increase in central PP observed after resuscitation may be mostly due to the reduction in arterial compliance rather than an actual increase in heart efficiency as SV was only slightly increased compared to baseline ([Table 1](#T1){ref-type="table"} and [Figures 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}). Interestingly, a further rise in lactate was observed at T4. We may hypothesize that this could be rather due to the increase in aerobic glycolysis---induced by the adrenergic stimulation from the noradrenaline perfusion---with a saturation of the Pyruvate deshydrogenase enzyme leading to a shift toward lactate production. Indeed, recent findings support the evidence that serum lactate level should not be rigorously interpreted as an indication of hypoxia in septic shock. Moreover, numerous experimental data have demonstrated that stimulation of aerobic glycolysis occurs not only in resting, well-oxygenated skeletal muscles but also during experimental sepsis, and is closely linked to stimulation of sarcolemmal Na^+^/K^+^-ATPase under epinephrine stimulation ([@B25]). Finally, the evolution of the veno-arterial pCO~2~ gap during the experiment supports this argument that microcirculation derangements and cellular dysoxia were improved under noradrenaline perfusion, on top of fluid resuscitation, despite the small rise in lactate level at T4. Results of pCO~2~ VA-gap in mmHg (median \[IQ range\]) are: 7.8 \[6.5--8.9\] at baseline, 12 \[10--15.5\] at T2, and normalized at 4.7 \[4.4--5.3\] at T4.

![Distributions (median \[25th, 75th percentile\]) of total arterial compliance (AC) and total peripheral resistance (TPR) at each time point of the experiment. The values relating each pig are marked by the little squares. T1, baseline; T2, after development of septic shock; T4, after resuscitation with fluids and noradrenaline. Wilcoxon signed test: \**p*-value \< 0.05 with respect to T1, ^§^ *p*-value \< 0.05 with respect to T2 (Friedman test *p*-value \< 0.05).](fphys-11-00594-g004){#F4}

It is important to recall that a decrease in ABP could alter arterial compliance, independently on the sepsis condition, due to the volume--pressure relationship ([@B54]). However, systemic hypotension, typical of circulatory shock state, would underfill the central vessels increasing arterial compliance. So the persisting decrease in AC in our experiment cannot be explained by the decrease in the arterial pressure. The same reasoning can also apply to the change in compliance observed from T2 to T4, where both AC and central blood pressure increased.

The estimated TPR showed a significant decrease at T4 with respect to un-resuscitated shock condition (T2) ([Figure 4](#F4){ref-type="fig"}).

[Figure 5](#F5){ref-type="fig"} shows the trend of the time constants τ computed at the three arterial sites (i.e., aorta, femoral artery, and radial artery) at each time point of the experiment. All the time constants were characterized by a monotonically decreasing trend from T1 to T4; statistical significance was reached at T4 with respect to T1 only in aortic and radial τ. The time constant τ is a global characteristic of the arterial tree, reflecting both the contribution of total arterial compliance and total peripheral resistance of the overall arterial circulation. However, one could notice a slightly different trend in the values of τ computed at aortic level and in the periphery; this may be partly explained by a different balance between elastic and resistive components present at central and peripheral arterial sites, with a predominance of decreased elastic properties in the aorta and a predominance of loss of peripheral resistance in femoral and radial arteries. Moreover, the trend of both AC and TPR ([Figure 4](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}) reinforces this assumption as in shock (T2) the main driver of the decreased time constant seems to be the reduction in arterial compliance, whereas at T4 a dramatic loss of resistance further contributes to the low values of τ.

![Distributions (median \[25th, 75th percentile\]) of the time constant τ values computed in aorta, femoral artery, and radial artery at each time point of the experiment. The values relating each pig are marked by the little squares. T1, baseline; T2, after development of septic shock; T4, after resuscitation with fluids and noradrenaline. Wilcoxon signed test: \**p*-value \< 0.05 with respect to T1 (Friedman test *p*-value \< 0.05).](fphys-11-00594-g005){#F5}

[Table 2](#T2){ref-type="table"} reports the values of the normalized LFu of DAP series. The index showed a monotonically decreasing trend from T1 to T4, hinting a persistent dysregulation of peripheral resistance by the ANS.

###### 

LF normalized power computed for diastolic blood pressure components at each time point.

                    **T1**           **T2**            **T4**          **Delta T2--T1**    **Delta T4--T1**    **Delta T4--T2**
  ----------------- ---------------- ----------------- --------------- ------------------- ------------------- ------------------
  **DAP LFu (%)**                                                                                              
  Aortic            7.9 (6.5,10.4)   2.2 (0.5,4)\*     1.3 (1,2.9)     −5.5 (−8.9,−3.8)    −5 (−9.5,−3.5)      0.4 (−0.6,0.9)
  Radial            9.3 (6.4,10.9)   2.3 (0.8,3.6)\*   1.6 (1.3,3.8)   −7.6 (−7.9,−3.9)    −5.5 (−9,−3.4)      0.6 (−1.2,1.3)
  Femoral           8.9 (8.2,11.9)   1.6 (0.7,3.9)\*   1.7 (1.1,2.8)   −7.3 (−10.6,−5.1)   −6.2 (−10.7,−5.4)   0.6 (−0.2,1.5)

DAP, diastolic arterial pressures; LFu, normalized low frequency power. T1, baseline; T2, after development of septic shock; T4, after resuscitation with fluids and noradrenaline. Wilcoxon signed test: \*

p

\< 0.05 with respect to T1 (Friedman test

p

-value \< 0.05). Values are reported as median (25th, 75th percentile).

[Table 3](#T3){ref-type="table"} shows the results obtained from baroreflex sensitivity (BRS) analysis and HRV analysis. The FB gain, i.e., the autonomic-mediated baroreflex mechanism, was decreased during shock (T2) and was even further depressed after resuscitation (T4). A similar trend was observed also for the HRV indices. On the opposite, an increasing trend was observed for the FF gain, or runoff effect, which was higher compared to baseline both in shock and after resuscitation.

###### 

Baroreflex feedback and feedforward gains and HRV indices computed at each time point.

                 **T1**             **T2**             **T4**               **Delta T2--T1**    **Delta T4--T1**    **Delta T4--T2**
  -------------- ------------------ ------------------ -------------------- ------------------- ------------------- -------------------
  **BRS**                                                                                                           
  FB (ms/mmHg)   1.7 (1.1,4.8)      0.3 (0.2,0.7)      0.2 (0.1,0.3)\*      −1.4 (−4.5,−0.7)    −1.6 (−4.5,−1)      −0.2 (−0.4,0.1)
  FF (mmHg/ms)   0.02 (0.02,0.08)   0.1 (0.04,0.3)     0.2 (0.19,0.21)      0.05 (0,0.3)        0.1 (0.08,0.2)      0.06 (−0.1,0.2)
  **HRV**                                                                                                           
  RMSSD (ms)     70.2 (49.9,86.6)   31.3 (25.9,56.8)   25.6 (22.5,29.4)\*   −33.7 (−54,−15.9)   −45.1 (−60,−20.5)   −6.8 (−27.4,−3.6)
  SDSD (ms)      3.7 (2.6,4.5)      1.6 (1.4,3)        1.3 (1.2,1.5)\*      −1.8 (−2.8,−0.8)    −2.4 (−3.1,−1)      −0.4 (−1.4,−0.2)
  SD (ms)        4.9 (3.5,7.6)      1.9 (1.6,4)        1.4 (1.2,1.8)\*      −2.7 (−5.8,−0.5)    −3.5 (−6.2,−2.1)    −0.6 (−2.2,−0.4)

BRS, baroreflex sensitivity; FB, feedback gain; FF, feedforward gain; HRV, heart rate variability; RMSSD, root mean square of successive differences; SDSD, standard deviation of successive differences; SD, standard deviation. T1, baseline; T2, after development of septic shock; T4, after resuscitation with fluids and noradrenaline. Wilcoxon signed test: \*

p

\< 0.05 with respect to T1 (Friedman test

p

-value \< 0.05). Values are reported as median (25th, 75th percentile).

Results of the correlation analysis are reported in [Figure 6](#F6){ref-type="fig"} for BRS and aortic τ (similar results, not shown, were found for the other variables). A strong positive correlation between the two indices was observed during the overall time course of the experiment. In particular, we noticed that the values at baseline were characterized both by an aortic τ higher than 2 s, representing the typical physiological value for humans ([@B30]), and by a BRS higher than 1 ms/mmHg. After shock and resuscitation, the values can be grouped in an area characterized by much lower values of both BRS and τ. This further highlights that after resuscitation either the vascular mechanics or the autonomic control did not return to the baseline condition.

![Correlation between characteristic time constant τ computed in aorta and baroreflex sensitivity (BRS) throughout the overall experiment. Baseline values (T1) are represented as blue circles, shock values (T2) as orange triangles, and values after full resuscitation with fluids and noradrenaline (T4) are reported as green small squares. In the upper left corner, the correlation coefficient and the *p*-value are reported.](fphys-11-00594-g006){#F6}

Discussion {#S4}
==========

In this study, a characterization of the arterial tree changes in mechanical properties, both at central and peripheral arterial sites, was investigated in a population of six pigs undergoing a fecal peritonitis-induced septic shock, including full resuscitation with fluids and noradrenaline. The interaction between the ANS dysfunction and these vascular changes were also assessed.

Our study confirms that septic shock induces a decoupling of the arterial pulse wave propagation from central to peripheral sites, without resolution after full resuscitation with fluids and noradrenaline. The ANS-related indices, i.e., indices of BRS, arterial pressure spectral analysis, and HRV, showed that septic shock produces signs of autonomic dysfunction and these are associated to changes in vascular properties, both at central and peripheral arterial sites.

Vascular Changes During Shock and Following Resuscitation {#S4.SS1}
---------------------------------------------------------

An inversion of the physiological PP amplitude propagation from central to peripheral arteries was observed after the development of septic shock, as already reported in a recent study of endotoxin shock ([@B17]). Of interest, in this study, we also observed a persistent vascular decoupling condition hours after a full resuscitation with fluids and noradrenaline ([Table 1](#T1){ref-type="table"} and [Figure 3](#F3){ref-type="fig"}). This finding, together with the trend of AC, TPR, and the Windkessel time constants, hints an altered behavior of the vascular compartments induced by septic shock.

The origin of this PP reversal could be related to the different tissue composition of central and peripheral arterial walls and, thus, to a different response to inflammatory vasoactive substances, such as nitric oxide (NO).

In large compliant arteries, local endogenous NO generation has been demonstrated to contribute to the regulation of large-artery stiffness at basal condition ([@B55]), and it was observed that acute systemic inflammation impairs the ability of the arterial endothelium to produce endogenous vasodilators in response to agonist and physical stimuli ([@B18]). Reduced endogenous NO availability contributes to endothelial dysfunction during sepsis and acute inflammation, and it may lead to a functional stiffening of the large arteries ([@B12]).

In peripheral resistance vessels, NO is recognized to be crucial in the modulation of vasomotor tone, and a growing body of evidence indicates that NO plays an important role in the hyporesponsiveness of resistance vessels to vasoactive agents ([@B29]). The cellular source of NO generation within the microvasculature during sepsis is not completely clear, but there is some evidence to indicate that vascular smooth muscle, mostly present in peripheral vessels, may be the source ([@B29]). In septic shock patients, plasma concentrations of NO metabolites are markedly increased, and it was found that the raised production of NO is the result of the increased expression of the inducible form of NO synthase (iNOS), probably stimulated by the inflammatory cytokines ([@B23]). This induces a persistent vasodilation despite high plasma concentrations of catecholamines ([@B56]).

The differences in structural components between large complaint and peripheral resistance vessels could partly explain the different endothelial response to inflammation: large-artery stiffening is caused by a reduction in NO bioavailability following inflammation and sepsis, and, conversely, the persistent peripheral vasodilation is caused by the large increase in NO at peripheral level occurring in sepsis and shock.

Although NO bioavailability was not measured in our experiment, in a previous work ([@B14]), we observed a decrease of the global arginine bioavailability, i.e., the ratio arginine/(ornithine+citrulline), in the same septic shock animals. As arginine is the precursor for the biosynthesis of NO, our data are consistent with the hypothesis of an increase in NO production supporting the previously outlined mechanisms.

Another important factor that can contribute to PP reversal and peripheral vascular decoupling observed in these animals may be a modification in the reflection of pressure waves. In [@B51], the authors show that acute systemic inflammation in healthy individuals increases arterial stiffness, assessed by PWV, and decreases wave reflection, estimated by means of the augmentation index on central aortic pressure waveform. The authors explained this phenomenon by the predominant mechanism of peripheral vasodilation. In our study, the estimated TPR and AC decrease in agreement with this work.

Finally, the increased capillary permeability secondary to endothelial dysfunction may also contribute to the general vascular derangements observed in these animals. High capillary leakage may lead to changes in extracellular matrix composition and this, in turn, could have an influence on the contraction and relaxation properties of the vessels.

The vascular dysfunction induced by septic shock could also help in explaining the increase in FF gain, which measures the direct influence of heart interval duration on SAP, not mediated by autonomic control, but instead by a perturbation mechanism based on the Starling law and diastolic runoff ([Table 3](#T3){ref-type="table"}). The decreased arterial compliance inevitably limits the Windkessel effect of the large arteries ([@B53]), and, as a consequence, the blood flow could arrive at peripheral districts with a higher pulsatility; this, combined with the vasoplegic state typical of septic shock, could result in amplified oscillations in ABP induced by an elevated HR.

Autonomic Dysfunction and Association With Vascular Changes {#S4.SS2}
-----------------------------------------------------------

The autonomic indices of cardiovascular regulation such as BRS, HRV, and LF normalized power of DAP all showed a depressed value in shock which persisted, or even worsened, after full resuscitation ([Tables 2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}). Thus, a condition of autonomic dysfunction, not resolved by the resuscitation maneuvers, is clearly depicted in these animals.

On the basis of our data, we cannot say if this autonomic impairment involves the central or peripheral nervous system or both. Sepsis-associated encephalopathy is commonly observed in septic patients, and, although its pathophysiology has not been established yet, several processes are known to contribute to its generation, such as brain ischemia, inflammation, metabolic and mitochondrial dysfunction, altered cerebral blood flow autoregulation, or blood--brain barrier leakage ([@B15]). A central impairment could help to explain our result of a depressed value of ANS indices which persisted also after resuscitation; however, in a previous study of our group, we found that the autonomic-mediated baroreflex control of ventricular contractility was enhanced both during septic shock and after full resuscitation in the same experimental pig population, on the opposite of the observed depressed HRV ([@B10]). Other literature works also report a differentiated stimulation of peripheral ANS, with enhanced autonomic activity at some districts and depressed at others ([@B50]; [@B38]). Based on these findings, we cannot state that a dysfunction of the central nervous system may exhaustively explain the ANS impairment observed in these animals. Other mechanisms may also play a role, for example, disturbances in the efferent or afferent nerve fibers, downregulation and hyporesponsiveness of target receptors, or a dysfunction of the baroreflex system. The overwhelming inflammation may likely trigger, at least in part, these complications. For example, a reduced sensitivity of the aortic baroreceptors caused by the increased stiffness of the vessel may contribute to the baroreflex failure ([@B4]).

Typically, a reduced baroreflex FB gain and a depressed HRV, together with an elevated HR, are interpreted as signs of a depressed vagal activity at the heart level. These observations suggest a vagal driver for an effective resuscitation, and this hypothesis is in line with the recent literature on vagus nerve stimulation as an innovative therapeutic strategy, which has been proven to be beneficial also in septic shock ([@B5]; [@B49]; [@B27]; [@B1]; [@B13]; [@B19]).

The depressed LFu power of DAP hints a dysfunction of the sympathetic nervous system also in the periphery. Changes in LF oscillations of arterial pressure can be related to changes in the outflow of the sympathetic nervous system, and spectral analysis of arterial pressure has been proven to be a powerful tool for identification of the different cardiovascular control mechanisms that regulate arterial pressure ([@B44]; [@B43]). From this perspective, the reduction of LF power can be interpreted as a withdrawal or a saturation of sympathetic activity, or an inability of adrenergic receptors to respond to further stimuli.

There are many recent indirect and direct evidences which suggest a very complex link between sympathetic activity and vascular function. Evidence from experimental studies indicates that the sympathetic ANS is influenced, both at central and peripheral level, by the most relevant factors regulating vascular function ([@B7]). For example, neuronal NOS (nNOS) is constitutively expressed in neuronal cells of both peripheral and central nervous system, and in the latter it acts as a sympathoinhibitory substance ([@B37]). Moreover, a relationship between arterial stiffness and sympathetic nerve traffic was also demonstrated, with the majority of studies reporting a positive correlation between sympathetic withdrawal and increased large artery elasticity ([@B42]; [@B26]; [@B7]; [@B48]; [@B32]). In our study, we can also confirm this association, as our analyses highlighted a significant positive correlation between a decrease in arterial compliance, i.e., increase in large artery stiffness, and a depressed vagal activity, as shown by the suppressed BRS, HRV, and LFu index.

The relationship between autonomic and vascular dysfunction could be causal in both directions, i.e., autonomic impairment generates dysfunction in vascular tone or vice versa, or non-causal, i.e., the two conditions may develop in parallel as inflammatory responses. Sympatho-excitatory maneuvers were found to impair endothelial function and to increase arterial stiffness, and markers of vascular dysfunction were shown to be inversely related to sympathetic discharge ([@B7]). On the other hand, large artery stiffness can interfere with autonomic regulation by impairing arterial baroreceptors, as already discussed above. All these observations support a causality mechanism.

Another causal mechanism could be the increase in HR, as a sympathetic-mediated increase in HR per se results in stiffening of the central arteries ([@B26]). Finally, arterial elasticity could modify autonomic activity through a change in cardiac afterload. An increase in arterial stiffness leads to an increased afterload, such that the heart needs a greater effort to eject the same SV, with a consequent sympathetic overstimulation to increase HR and ventricular contractility; if prolonged, this condition could lead to heart failure, considering also that an increased HR results in a shorter time for diastole. Moreover, an increased stiffness leads to an increase in PWV along the arterial tree with the consequence that the reflected waves arrive at the heart earlier in systole further increasing the cardiac afterload. These conclusions were also recently pointed out by [@B33], who showed that high doses of noradrenaline administration in septic shock patients increased arterial characteristic impedance, PWV and reflection phenomena, and reduced aortic compliance. Therefore, even if MAP is restored with hemodynamic resuscitation, these therapeutic interventions may have a deleterious effect on the efficiency of the energy transfer from the ventricle to the periphery. This phenomenon could partly explain the persistent tachycardia and the elevated contractility observed in these animal population ([@B10]) and generally reported in septic shock patients ([@B31]; [@B40]; [@B34]; [@B3]).

In conclusion, although this study did not demonstrate a direct causal relationship between vascular dysfunction and ANS activity, our observations clearly proved that both the vascular and the autonomic system are impaired in septic shock and they mutually influence each other. This compromised condition is not resolved by standard therapy, i.e., fluids and noradrenaline administration, and it can be macroscopically appreciated from the changes in morphology of blood pressure waveforms. Few cardiac beats of aortic pressure waveform are shown in [Figure 7](#F7){ref-type="fig"} for all the animals at each time point of the experiment. Interestingly, the shape of the aortic waveform mostly at T4 resembles the typical pressure waveform of a high cardiovascular risk subject, such as aged people as reported in [@B21], although these changes were developed only in a few hours of experiment.

![Example of few beats extracted from aortic waveform at each time point of the experiment for each animal.](fphys-11-00594-g007){#F7}

Limitations and Future Developments {#S4.SS3}
-----------------------------------

The main limitation of this study consists in the small sample size, which may be the source of a high variability in the results so to affect the statistical tests. However, the results showed evident trends that can still be considered important, even if not statistically significant. Further studies with a larger number of subjects will permit to validate the results herein presented.

Moreover, direct measures of peripheral arteries compliance and autonomic outflow were not available and this did not permit other than speculation about possible associations. Also, the lack of an invasive local flow measurement at some of the arterial pressure measurement sites impeded us to compute the local characteristic impedance, but it was the price to pay in order to keep a closed chest, closed pericardium model, with intact cardiopulmonary and interventricular interactions and less tissue damages.

Finally, it could be worthy to integrate these analyses with molecular mechanism involved by shock and resuscitation, since vasoactive agents released during sepsis, such as NO, have a directly influence on the hemodynamic response to shock, and the responsible mechanisms still remain to be elucidated.

Conclusion {#S5}
==========

The present study proposed an insightful analysis of the changes of vascular properties occurring during a protocol of polymicrobial septic shock and full resuscitation, and suggested a possible relationship with autonomic dysfunction typical of septic shock. In fact, a significant positive correlation between an increase in arterial stiffness and a depressed vagal activity has been reported, together with a decreased TPR and time constant τ and an impaired sympathetic activity at the peripheral sites. Interestingly, this abnormal condition generated by septic shock was not resolved after administration of fluids and noradrenaline. Although global hemodynamic markers were restored by the resuscitation maneuvers, such as MAP, HR, CO, and SV, as shown in [Table 1](#T1){ref-type="table"}, we observed that indices of cardiovascular functions mediated by the ANS were still impaired, suggesting that the homeostatic condition of baseline was not completely recovered, as already reported in our previous studies ([@B8], [@B9], [@B10]).

The discussed results foster further investigations on the integrative aspects of septic shock-induced cardiovascular dysfunction, and they may suggest that the current resuscitation strategies could benefit from the adjunction of additional functional indices combined to the standard hemodynamic and clinical markers. Moreover, our study suggests that measures of vascular properties should be taken into account in further studies in order to have a more comprehensive picture of the effectiveness of the therapy. The computation of time constant τ is a powerful approach to investigate the vascular behavior in terms of total compliance and resistance, and it could be easily computed by the recorded pressure waveform.

Finally, a more effective vasopressor therapy should take into account the different characteristics between central and peripheral arteries and further studies should be performed to understand the right balance in order to restore not only MAP but also a physiological condition of cardiovascular interactions and arterial pressure control.
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